Industrial effluents discharged into aquatic bodies without proper treatment have contributed to the increasing pollution of water by heavy metals. The development of efficient processes for the treatment of industrial effluents is becoming more and more vital since legislation concerning the disposal of metal-contaminated effluents is becoming ever more rigorous.
INTRODUCTION
Industrial effluents, especially those involving heavy metals, have frequently been the cause of pollution in aquatic environments, particularly since these pollutants can be easily absorbed by aquatic organisms and spread along the alimentary chain. Thus, cadmium accumulates in skin due to its particular affinity to sulfhydryl and hydroxyl groups, and to ligands that contain nitrogen. Evidence exists that chronic exposition to cadmium increases the probability of cancer and liver diseases. Although cadmium does not undergo biomagnification, it is a cumulative poison because it is not quickly eliminated and persists in organisms for several decades (Colin 2002; Beliles 1978) . Similarly, nickel is one of the constituents of urban air, possibly as a result of the burning of fossil fuels, although it is not a natural constituent of water. When incorporated in living organisms, it accumulates in the lungs, kidneys, liver, intestine and heart. Moreover, it can cause cutaneous nauseas, injuries, liver and kidney diseases, infertility, apathy, chronic headaches, sleeplessness and diarrhoea (Beliles 1978) .
Amongst others, an important use for these metals is as the electrodes of rechargeable NiCad (nickel/cadmium) batteries used in calculators and other electronic devices (Colin 2002) .
The high toxicity of these metals can compromise the natural degradation of organic matter, leading to an increase in biochemical oxygen demand (BOD) and compromising aquatic environments, as well as interfering in aerobic effluent treatment systems. It is, thus, necessary to remove these metals from industrial effluents before they reach other aquatic environments. The methods commonly used in the removal of metallic ions are chemical precipitation, ultrafiltration, reverse osmosis, liquid-liquid extraction and ion-exchange resins, amongst others. The most commonly employed is chemical precipitation; however, this technique is not efficient when applied to effluents with low metallic concentrations. In this case, subsequent treatments are necessary in order to reach the legal discarding specifications for these effluents (Leon et al. 2001) . In addition to this limitation, precipitation processes are accompanied by the formation of large amounts of solids containing heavy metal species. For example, when Cd(II) ions were removed from an effluent containing 0.1 g/l of metal by precipitation, the sediments formed were nine-times greater that those obtained by direct conversion to the metallic form (Fabiani 1992 ).
An extensive literature exists concerning the evaluation of low-cost adsorbents such as quitosan, zeolites and agricultural residues, for example. The use of natural adsorbents such as clays and zeolites has been studied due to their ready availability, low cost, simplicity of extraction and retention capacities (Ceylan et al. 2005; Schlegel et al. 1999) . Huang et al. (1996) tested the retention capacity of quitosan towards Ni(II) and Cd(II) ions and reported adsorption capacities of 2.4 mg/g and 8.5 mg/g, respectively. Natural zeolites such as clinoptilolite, whose cost is considerably lower than that of quitosan, have also given promising results. Thus, Zamzow and Eichbaum (1990) showed that 0.48 mg/g of Ni(II) ions and 2.4 mg/g of Cd(II) ions could be retained on clinoptilolite.
Smectite clays, such as montmorillonite, are widely used as industrial adsorbents for the removal of liquid impurities and in the purification of gases. The structure of montmorillonite contains a central octahedral aluminium group situated between two tetrahedral silicon groups which are bound by oxygen atoms (Chagas 1996; Santos 1975) . Such clays possess a negative structural charge arising from isomorphic substitutions in the crystal lattice. Thus, their application as adsorbents is mainly related to their ability to undergo cationic exchange (Konta 1995; Cortina et al. 1997) . Furthermore, clays have stable and rigid structures, with high surface areas and good physicochemical properties.
A considerable amount of research effort has been undertaken with the view of combining these optimal support characteristics with the affinity towards cationic species, leading to the synthesis of new adsorbents containing metal-complexing extractants capable of improving the efficiency and selectivity of sorption towards a wide range of metal species (Tavlarides et al. 1987) . Many studies have already confirmed the efficiency and selectivity of these agents towards the removal of heavy metal ions (Dabrowski et al. 2004 ). However, most processes relate to solid ion-exchange resins (Chen et al. 2003; Draa et al. 2004) .
The chemical bonding of such chelating molecules to polymeric materials is difficult and expensive. Alternative processes which have been devised to overcome these difficulties include the use of inorganic adsorbents such as clay minerals. The use of macroporous supports impregnated with metal extractants offers a compromise which is both effective and economical (Camel 2003) . Many sequestrating agents specific towards metal cations anchored in a variety of resins have been used, including bis(2-ethylhexyl)phosphoric acid (D 2 EHPA), diethyldithiocarbamate (DDTC) and iminodiacetic acid (IDA). D 2 EHPA is a univalent, hydrophobic chelating agent. Its liquid viscosity allows it to penetrate easily into clay pores. It is not soluble in water, but it is easily solubilized in organic solvents or basic solutions, a process which prevents its loss during extraction from aqueous media (Chen et al. 2003; Sandell 1987) . DDTC is a chelating agent which is only poorly soluble in water although highly soluble in organic solvents. Diethyldithiocarbamates are important compounds for the separation and photometric determination of heavy metals. They form chelates with four-membered rings, predominantly via the substitution of sodium or hydrogen from −SNa or −SH groups by a metal. It is also possible to establish bridging bonds with ϭS groups (Sandell 1987; Marczenko 1976) . The IDA (diglycine) molecule contains nitrogen atoms and short-chain carboxylic groups. It is used as an intermediate in the manufacture of chelating agents, glycophosphate herbicides and surfactants, and in stationary phases for chromatography (Bashir and Paull 2002) .
The aim of the present work was to study the modification of the commercial clay Fluka K10 with the chelating agents DDTC, D 2 EHPA and IDA, evaluating the batch and kinetic isotherms of the resulting products for the adsorption of Cd(II) and Ni(II) ions, as well as the influence of the initial pH and temperature on the adsorption process.
MATERIALS AND METHODS

Starting material
Montmorillonite K10 (referred to below as the parent clay) was obtained from Fluka and was used as received. Its chemical composition as obtained by X-ray fluorescence methods corresponded to 65.34% SiO 2 , 12.89% Al 2 O 3 , 2.38% Fe 2 O 3 , 0.95% MgO, 0.52% TiO 2 , 0.24% CaO, 0.53% Na 2 O, 1.54% K 2 O, 7.85% P 2 O 5 and 0.06% LOI (loss on ignition at 1273 K). The BET surface area of the sample was 232 m 2 /g. This commercial clay was obtained after treatment of the raw clay with phosphoric acid, which led to the removal of a portion of the octahedral ions. Thus, some phosphate anions were attached at the edges of the SiO 4 layers as well as adsorbed hydroxy anions (Mokaya and Jones 1995) . The formula of one half-unit cell is Na 0.60 K 0.12 Ca 0.02 (Al 1.78 Fe 0.12 Mg 0.10 ) VI -(Si 3.89 Al 0.11 ) IV O 10 (OH) 2 . In this formula, Fe 2+ , Mg 2+ and Al 3+ are the isomorphically substituting cations, while Na + , K + and Ca 2+ are the charge-compensating cations. The symbols VI and IV relate to the octahedral and tetrahedral layers, respectively. The theoretical cation-exchange capacity (CEC = 1.9 mequiv/g) was calculated on the basis of the quantity of charge-compensating cations. The experimental cation-exchange capacity (CEC exp ) of the original clay was determined by the Cu-ethylenediamine method described by Bergaya and Vayer (1997) . The value of CEC exp for K10 corresponded to 0.451 mequiv/g . It is lower than the theoretically calculated CEC probably due to the acid treatment to which this montmorillonite was subject throughout the industrial process, which induces the removal of octahedral aluminium ions. The loss of aluminium can vary from 14% to 48.5%, in accordance with the acid strength of the medium (Mokaya and Jones 1995).
Preparation of modified materials
DDTC modified clay was prepared as follows. A heterogeneous suspension containing 50.0 g of commercial Fluka K10 montmorillonite in 2 l of a 1:1 water/ethanol solution was prepared and maintained under magnetic stirring for 24 h. After this time, 33.8 mg (0.15 mmol) of sodium diethyldithiocarbamate trihydrate, (C 2 H 5 ) 2 NCSSNa • 3H 2 O (ACS, Aldrich) per gram clay was added to the suspension, the chelating agent having previously been dissolved in de-ionized water and the resulting solution maintained under magnetic stirring for 1 h. The resulting chelated solid was separated by centrifugation, washed several times with de-ionized
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water to remove superficially held adsorbate and dried at 323 K for 24 h. Solid recovery was almost total and corresponded to 98% of the initial mass of clay plus incorporated chelating agent. Particles with diameter > 200 mesh (<63 µm) corresponding to 95% of the total mass were used directly for sorption experiments. This solid is identified as K10/DDTC in the following discussion. In a similar manner, IDA impregnation was carried out by adding iminodiacetic acid, disodium salt monohydrate, C 4 H 5 NO 4 Na 2 • H 2 O (97%, Acros) to a clay suspension. The solid obtained at the end of this process is identified below as K10/IDA.
For impregnation with D 2 EHPA, 120 g of the K10 clay was dried at 373 K. Then 80 ml of n-hexane was added to the dry solid under magnetic stirring, followed by the slow addition of 160 ml of bis(2-ethylhexyl)phosphoric acid, [CH 3 (CH 2 ) 3 CH(C 2 H 5 )(CH 2 O)] 2 P(O)OH (97%, Aldrich). The dried clay (100 g) was added to this solution and the resulting system maintained under magnetic stirring for 48 h. The modified clay (K10/D 2 EHPA) produced was filtered through a 0.2 µm membrane filter (RC15) and dried overnight at 343 K. The solid residue was washed with de-ionized water for 24 h and then with 1 M NaCl solution for an additional 24 h.
The amount of adsorbed complexing molecules was determined by thermogravimetric (TG) analysis employing a Netzsch TG 209 thermal analyzer using ca. 6 mg of sample at a heating rate of 10 K/min under a nitrogen atmosphere.
Sorption studies
The nitrate salts of Cd(II) and Ni(II) (Aldrich A.R. grade) were used as the source of metallic ions. A PerkinElmer model AA-300 atomic absorption spectrometer was used for quantification of the metals ions in aqueous solution using calibration curves obtained from 1000 mg/l stock solutions (Titrisol, Merck). Experimental solutions with different metal concentrations were prepared in stoppered Pyrex glass flasks and stored at 298 K. The sorption rate of the metal ions was investigated in bench-scale studies by mixing 6.0 ml of a given metal ion solution with an initial concentration (C 0 ) varying from 10 to 1500 mg/l with 0.1 g of the parent or modified clay under magnetic stirring at 298 K. After 10 min contact time (which according to previous kinetic studies had been shown to be greater than that necessary to achieve equilibrium), the suspension was filtered through a 0.2 µm membrane filter (RC15) and the concentration of metal ions remaining in the solution quantified by atomic absorption spectrometry (AAS). Other studies were made employing solutions with an initial concentration of 50 mg/l, i.e. corresponding to the upper limit of concentrations observed in wastewater effluents originated from São Paulo Metropolitan industries (Casarini et al. 2001) . Depending on the initial metal ion concentrations employed, the initial pH values of the systems were in the range 6.1−6.9 for Cd(II) ions and in the range 5.0−6.9 for Ni(II) ions. Kinetic adsorption studies using the parent clay were carried out for systems with an initial metal ion concentration of 50 mg/l (maintaining all other conditions as above), with samples being taken at known time intervals up to a total of 60 min. Blank experiments undertaken without the addition of clay confirmed that adsorption of Cd(II) and Ni(II) ions onto the walls of the glass flasks and filtration systems employed were negligible.
Isotherms necessary for a description of the sorption mechanisms were obtained by measuring the adsorption of the corresponding metal ions from solutions of 50 mg/l concentration, except in the case of the DDTC-modified clay where a Cd(II) ion solution of 625 mg/l initial concentration was employed. Experiments were conducted at three different temperatures (278 K, 288 K and 298 K, respectively) with the aqueous phase being separated by filtration and the concentration of metal ions remaining after defined time intervals being determined by AAS measurements.
Concentrated HCl and NaOH solutions (ACS grade as obtained from Merck and Aldrich, respectively) were used for the adjustment of pH values, with the effect of pH being evaluated over the range 1.0−6.0 for systems containing 50 mg/l of each metal ion studied. A digital Analyzer model 300M pH meter was used for pH measurement.
RESULTS AND DISCUSSION
Characterization of parent and modified clays
The thermogravimetic (TG) curves for the parent clay and that modified with K10 are shown in Figure 1 . The first mass loss on each curve occurs at 340 K and may be related to the loss of physisorbed water and to water molecules bound to the interlayer cations. The moisture content of the parent clay corresponded to 9.80%. This value reduced to 3.56% in the D 2 EHPA-modified clay, being a reflection of its low hydrophilicity. The parent clay exhibited a second mass loss (6.00%) centred at 763 K which could be attributed to dehydroxylation of the layer silicate. The modified clays exhibited other mass losses which could be related to the decomposition of chelate molecules in line with the results obtained for the pure chelating agents (data not shown in the figure) . Thus, K10/IDA exhibited a mass loss of 0.26 mmol/g centred at 543 K, K10/D 2 EHPA exhibited a mass loss of 0.55 mmol/g at 468 K while K10/DDTC had a mass loss of 0.20 mmol/g at 578 K.
The quantities of incorporated chelating agents as obtained from thermogravimetric analysis are listed in Table 1 .
Sorption studies
Kinetic studies using the parent clay K10 as the adsorbent were conducted on systems containing 50 mg/l of each metal ion. The results obtained have been presented earlier (Dal Bosco et al. AST 25(9)_62 27/6/08 2:13 pm Page 677 2006). The removal of Cd(II) and Ni(II) ions attained values of 2.0 mg/g and 1.2 mg/g, respectively. The removal of the metal ion was a rapid process which led to an equilibrium uptake being achieved within a few minutes. Indeed, within the first 5 min, > 95% of the cations present in solution was adsorbed. Similarly, systems containing the modified clays also attained equilibrium rapidly. Thus, Cd(II) ions were removed by D 2 EHPA-and IDA-modified clays within 2 min contact time between the phases (Figure 2), with 10 min being sufficient to attain equilibrium in the Cd(II)/DDTC system and in all the Ni(II) adsorption systems ( Figure 3) . These results indicate that all the adsorption sites must be located in a region which is readily accessible to the heavy metal cations, being situated either at external or expanded interlayer spaces. Diffusional restrictions are extremely important in these types of adsorption processes, with one or more mechanistic steps being involved, viz. (i) external mass transport, (ii) diffusional mass transfer within the internal structure of the adsorbent particle and (iii) adsorption at sites located on the surface.
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The first step is not rate-limiting since the effect of transport in solution can be eliminated by efficient stirring. The second step probably occurs only to a very limited extent in clay minerals, because these materials expand completely in the presence of large amounts of water and thereby generate the complete separation of the unit layers. This suggests only a limited contribution of diffusional steps (i) and (ii) to the retention process. For the modified clays, solutions with metal ion concentrations equal to or greater than 50 mg/l were used in the kinetic studies, since these solids exhibited different adsorption capacities. After initial tests with 50 mg/l metal solutions, the concentrations were increased in order to avoid total retention of the metal ion by the adsorbents. For Cd(II) ions, a 50 mg/l solution was used in systems containing IDA-and D 2 EHPA-modified clays, whereas initial concentrations of 600 mg/l were used with the DDTC-modified clay. For Ni(II) ions, initial concentrations of 125 mg/l, 50 mg/l and 300 mg/l, respectively, were employed for the IDA-, D 2 EHPA-and DDTC-modified clays.
Two kinetic models were used to fit the experimental data for metal ion sorption. Thus, the pseudo-first-order and pseudo-second-order Lagergren models were tested employing the equations used by Ho and McKay (1998) . The pseudo-first-order Lagergren model can be expressed according to equation (1): ( 1) where q e and q t (mg/g) are the amounts of metal ions sorbed onto the clay surface at equilibrium and at any time t, respectively, while k 1 is the Lagergren first-order rate constant. The values of k 1 can be obtained from the slope of the linear plot of log(q e − q t ) versus t.
The pseudo-second-order model can be expressed by the relationship given in equation (2):
( 2) where k 2 is the second-order rate constant. If pseudo-second-order kinetics are applicable to the sorbent system, then the plot of t/q t versus t should be linear. Values of q e and k 2 may be obtained from the respective intercept and slope of the linear plot of t/q t versus t. The initial sorption rate h 0 was obtained according to equation (3) as q t /t approached zero: Table 2 lists the kinetic parameters obtained for the sorption of metal ions onto the modified clays. The reported correlation coefficients, r 2 , indicate that the pseudo-first-order model was incapable of describing the sorption mechanism. In fact, the Lagergren pseudo-second-order model gave a better description of these kinetic parameters since the q e values estimated by this model were in agreement with the experimental results, with values of the correlation coefficients being greater than 0.999 for all systems studied at contact times of 60 min. The second-order adsorption rate constant, k 2 , varied from 0.2680 to 3.0722 g/(mg min) for Ni(II) ion retention and from 0.2256 to 12.881 g/(mg min) for Cd(II) retention. In both cases, the highest rate constant was obtained with the K10/D 2 EHPA system, i.e. that involving the adsorbent with a low initial sorption rate and a small concentration of sorbed metal ions. This inverse correlation between k 2 and h 0 has already observed for the adsorption of Pb(II) ions onto zeolite tuff (El-Bisthtawi and Al-Haj Ali 2001) and for the adsorption of Pb(II) ions onto clinoptilolite (Günay et al. 2007 ). It may be related to the difficulty of access to favourable adsorption sites imposed on metal cations. The affinity of K10/DDTC towards Ni(II) and Cd(II) ions was clearly much more intense, with such interactions occurring rapidly in comparison to the other modified clays.
Single-metal sorption was strongly influenced by the initial metal ion concentration, C 0 , as demonstrated by the sorption isotherms depicted in Figures 4 and 5 , respectively, for Cd(II) and Ni(II) ions. These isotherms were plotted using a mass-based solid concentration, x/m (mg solute adsorbed/g adsorbent), as a function of the metal ion concentration in solution, C e (mg solute/l of solution), under equilibrium conditions.
The data depicted indicate that the amount of metal ion adsorbed increased with the initial solution concentration up to a maximum value, with each system stabilizing at different quantities of adsorbed solute. DDTC-and IDA-modified clays presented high retention values, being more efficient that the unmodified K10 adsorbent. D 2 EHPA-modified clay showed results similar to the parent clay and even lower in the case of Cd(II) ion retention.
The different affinities observed between the adsorbent materials may be explained in terms of the Pearson acid-base theory (Puls and Bohn 1988) . The nature of the functional group associated with the ligand defines the adsorption capability of the adsorbent towards heavy metal cations. For soft metal cations, the following order of donor atom affinity was observed: O < N < S. The reverse order was observed for hard metal cations (Camel 2003 (mg/g) sulphur ligands -a soft base that forms stable complexes with Cd(II) and Ni(II), both behaving as soft acids ( Figure 6 ). The maximum quantity adsorbed [0.26 mmol/g for Cd(II) and 0.23 mmol/g for Ni(II)] was slightly higher than the DDTC concentration (0.20 mmol/g) obtained by TG analysis. DA-modified clays possess oxygen atoms as ligands. These may be classified as a hard base, thus forming less stable complexes with soft acids. However, when tested in systems with high initial concentrations of Cd(II) and Ni(II), this clay presented retention values which were higher than those obtained with DDTC-modified clay. This behaviour may be related to the possibility of more than one metal cation being coordination per chelant molecule, as shown in Figure 7 the possibility of coordination with the nitrogen atom present in the molecule. At high metal ion concentrations, the metal/IDA molar ratio was 1.8 and 1.5 for Cd(II) and Ni(II), respectively. In contrast, D 2 EHPA and DDTC chelants interacted with metal ions only in a 1:1 molar ratio. The D 2 EHPA-modified clay was strongly hydrophobic due to the presence of two hydrocarbon chains in the molecule, as depicted in Figure 8 . Such an arrangement makes interaction between the aqueous phase containing metallic ions and the adsorbent difficult. Indeed, the hydrophobic character of this modified clay could be a major factor in the poor adsorption characteristics observed. The extent of metal ion adsorption at equilibrium amounted to 0.028 mmol/g for Cd(II) and 0.039 mmol/g for Ni(II), i.e. values which were much lower than the chelate concentration (0.55 mmol/g).
The modified clays tested in the present work demonstrated high capacities towards the removal of metal ions from solutions with a low metal ion concentration [similar to the behaviour of natural zeolites (Ouki and Kavanagh 1997)], with the total removal of metal ions only occurring when the solutions had initial concentrations less than 10 mg/l. Although the clays exhibited similar retention values to zeolites, an analysis of the relative costs of these materials on the international market indicates that the modified clays are 20-times less expensive than activated carbon, the widest used adsorbent (Virta 2006) . A similar conclusion may be reached when the costs relating to the use of ion-exchange resins are considered. This demonstrates the feasibility of using these modified clay adsorbents on a commercial basis. The equilibrium uptake data obtained at room temperature were examined using the linear forms of the Langmuir and Freundlich isotherms (Hinz 2001) . Equation (4) was employed for the traditional Langmuir isotherm:
(4) where x is the mass of the solute adsorbed, m is the mass of adsorbent employed, and b and Q 0 are Langmuir constants. The Langmuir adsorption model is based on the assumption that maximum adsorption corresponds to the formation of a saturated monolayer of solute molecules on the adsorbent surface. In addition, the equilibrium parameter R L indicates the type of isotherm obtained (R L = 0, irreversible; 0 < R L < 1, favourable; R L = 1, linear; or R L > 1, unfavourable) (Lin and Huang 2002) . The parameter R L may be obtained from equation (5): (5) where C 0 is the initial solute concentration.
For the Freundlich isotherm, equation (6) was used: (6) where K F and n are Freundlich constants, with x, m and C e defined as above. The Freundlich isotherm describes equilibrium on heterogeneous surfaces and hence does not assume the existence of a monolayer capacity. Analysis of the equilibrium data using Langmuir-and Freundlich-type equations led to the parameters listed in Table 3 . The data in this table confirm that the equilibria related to DDTC ( Figure  9 ) and D 2 EHPA (Figure 10 ) are best described by the Langmuir-type isotherm with high correlation coefficients. The Q 0 parameters are related to the sorption capacity with respect to a specific solute, and are close to the experimental data. The obtained R L values were between 0 and 1 for all the systems studied, but their proximity to the lower limit suggests a tendency towards irreversibility, probably due to the strong interaction between the heavy metal cations and the chelating agents. It should be pointed out that some of the original assumptions relating to the Langmuir model (adsorption onto planar surfaces with a fixed number of identical sites, in which reversibility and adsorption energy are the same for all the sites) are not valid for the heterogeneous surfaces existing in the modified clays studied in the present work. This heterogeneity originates from the partial and non-uniform replacement of surface silanol groups by chelating molecules. Thus, the Langmuir equation should only be used for qualitative and descriptive purposes, with quantitative analyses being undertaken with caution. However, even with these restrictions, many authors have demonstrated that the model describes the equilibrium behaviours of a variety of The data for the IDA-modified clay exhibited the lowest correlation coefficients; this may be related to the structure of the ligand employed in this case (Figure 7) . It should also be noted that the sorption behaviour of the K10/IDA system could not be represented satisfactorily by the models tested. However, application of the Freundlich model to this system led to a plot exhibiting two straight lines (see Figure 11 ). The parameters obtained from these two-stage plots are presented in Table 4 .
Some authors (Nassar et al. 2004; Fritz and Schundler 1981) have suggested that the different slopes in such plots can represent two different adsorption models, viz. surface and intraparticle diffusion. As discussed above, the mechanistic step relating to diffusional mass transfer within the internal structure of the adsorbent particle (the first stage) makes only a very limited contribution to the overall adsorption process. Moreover, the main mechanistic step (the second stage) identified in the present system cannot be related solely to intraparticle diffusion, since clays expand completely in aqueous suspensions. Thus, the second stage must correspond to an Removal of Heavy Metal Ions from Aqueous Effluents by Modified Clays 685 11 . The two-stage plots arising from an application of the Freundlich isotherm to the experimental data for the sorption of () Cd(II) and (᭹) Ni(II) ions, respectively, by K10/IDA. adsorption process which is more favourable than surface diffusion and may be related to the strong chelant-heavy metal ion interaction on sites located on the solid surface. The effect of pH on the removal of metal ions from solution was evaluated at room temperature by varying the pH of a 50 mg/l metal ion solution/clay suspension from 1.0 to 6.0. The results obtained for Cd(II) and Ni(II) ions, respectively, are shown in Figures 12 and 13 . It will be noted from the figures that the removal of metal ions from aqueous solution was influenced by the pH value of the latter. The maximum pH value for metal ion retention occurred at ca. 6.0. The results indicate that metal ion retention did not involve precipitation; for the systems studied, the development of insoluble metal ion species at pH values below 6.0 is greatly limited (Baes and Mesmer 1976). The experimental data also show that a decrease in the adsorption capacities of the adsorbents occurred as the pH value of the systems decreased. This may be related to an increase in the concentration of H + ions in the system under these circumstances. This would lead to competition between protons and heavy metal ions for the sorption sites on the clay surfaces, while chelating molecules would be converted to protonated forms which would limit their complexation capacities. This behaviour may be observed most clearly for the clay modified with IDA, where the chelating agent could be present in various protonated forms depending on the pH value of the system (pK a1 = 1.76 and pK a2 = 2.17).
The major limitation in the use of this chelated adsorbent is that the degree of protonation has a considerable influence on its ability to retain metal cations, since the weak acid character of the carboxylate group and the nitrogen ensures that these functional groups are fully protonated at pH values lower than 2.21 (Pesavento et al. 1993) . Another problem associated with lower pH values involves the DDTC molecule which is unstable in acid solutions and rapidly decomposes as indicated in equation (7):
Single-metal sorption studies were undertaken at 278, 288 and 298 K, respectively, and original pH values. As an example, the uptake values for the removal of Cd(II) ions from aqueous solution by K10/DDTC are shown in Figure 14 . Table 5 lists the kinetic parameters obtained from an application of the pseudo-second-order Langergren model to the data for the sorption of the metal ions studied onto the modified clays. It will be seen from the data recorded that the calculated amounts of metal ions sorbed onto the clay surfaces at equilibrium, q e , are close to the experimental values, q e, exp , thereby confirming the applicability of this model. The equilibrium constants and initial rates for the sorption of Cd(II) and Ni(II) ions were high, with adsorption decreasing slightly with temperature. This implies that the sorption of the metal ions studied was an exothermic process. Such results can be explained in terms of a physisorption process in which increasing temperature leads to an increasing rate at which the system approaches equilibrium. However, another adsorption mechanism should also be considered in explaining the apparent activation energy values listed in Table 5 . Thus, ion-exchange processes have activation energies in the range 8−16 kJ/mol (Helferrich 1962) . However, the values obtained were typically higher than the range for ion-exchange processes and may be related to the formation of inner-sphere surface complexes between heavy metal cations and chelating molecules. Kraepiel et al. (1999) have demonstrated that complex formation at a surface can be represented by a model that takes account of both the intrinsic affinity of the surface sites for solutes and coulombic interactions between the surface charge and the dissolved ions.
The data obtained from the sorption isotherms were also used to evaluate the thermodynamic parameters for the systems involved. Thus, the heat of adsorption, ∆H 0 , and the entropy change, ∆S 0 , were calculated in accordance with the expression: Carvalho et al./Adsorption Science & Technology Vol. 25 No. 9 2007 where R is the gas constant [8.31451 J/(K mol)], T is the temperature and K d is the distribution coefficient as calculated from the ratio of the concentration of the metal ion sorbed per g sorbent and its concentration in the liquid phase. Plots of ln K d versus 1/T provide a straight line whose slope and intercept enable the respective enthalpy and entropy values to be determined. The standard free energy for the adsorption process was calculated using equation (9):
∆G 0 = ∆H 0 − T∆S 0 (9) Table 6 summarizes the thermodynamic values obtained for the sorption of the heavy metal ions by the modified clays studied. The values listed for ∆G 0 , ∆H 0 and ∆S 0 indicate that the sorption processes involving Cd(II) and Ni(II) ions were spontaneous. The negative ∆G 0 values confirm the feasibility of the process and the spontaneous nature of the adsorption process which exhibited a high preference for Cd(II) and Ni(II) ions by the various adsorbents studied. It will be noted that the values of ∆G 0 became less negative with increasing temperature, confirming that the sorption process was less favoured at high temperatures. Thus, the adsorption of Cd(II) ions onto K10/DDTC at 278 K, 288 K and 298 K attained values of 24.7, 22.9 and 21.6 mg/g, respectively. Both Cd(II) and Ni(II) ions have demonstrated a tendency to undergo desorption from the solid phase with increasing temperature, since the presence of excess energy in a system would promote desorption rather than adsorption. This behaviour has been observed previously by other authors for silico-antimonate (Abou-Mesalam 2003), hematite (Singh et al. 1998 ) and modified clays (Gupta and Bhattacharyya 2006) . The recorded values also confirm that DDTC was the most efficient chelating agent for Cd(II) and Ni(II) ions, since the affinity between these acid-base Removal of Heavy Metal Ions from Aqueous Effluents by Modified Clays 689 ligands was more favourable. The least favourable system was that employing K10/D 2 EHPA as the sorbent, where the results obtained were close to those when the parent clay was used as the adsorbent . The negative values obtained for ∆H 0 confirm the exothermic nature of the sorption processes, as indicated by the values obtained for the equilibrium constants.
The negative values of ∆S 0 suggest a reduced randomness at the solid/solution interface during the adsorption process and corresponds to a decrease in the degrees of freedom of the adsorbed species.
Bashir and Paull (2002) have observed a clear positive correlation between the degree of ion retention and the effect of temperature, since Zn(II), Co(II) and Cd(II) ions were quite strongly retained by a silica/IDA column at quantities that increased as the column temperature increased. Such behaviour is expected in systems where a complexation mechanism is predominant. On the other hand, the amount of chelating agent incorporated onto the clay surface (0.18 mmol/g for IDA and 0.20 mmol/g for DDTC) was less than the cation-exchange capacity (CEC exp = 0.451 mequiv/g), thereby indicating that many of the original sorption sites were still present on the modified materials. With K10/D 2 EHPA, the high quantity of chelating agent incorporated (0.55 mmol/g) could have led to the blockage of almost all the original sites. This does not invalidate the fact that the predominant sorption mechanism was complexation; the high hydrophobicity conferred on the resulting K10/D 2 EHPA structure could have limited the extent of sorption.
On the basis of the results presented, it may be assumed that the adsorption process onto IDA-and DDTC-modified clays examined in the present work could be attributed to a combination of ion exchange (at the original clay sites) and complexation (at the chelating agent molecules), while the K10/D 2 EHPA system adsorbed metal ions mainly by ion exchange at some of the accessible original sites.
CONCLUSIONS
Study of the retention of Cd(II) and Ni(II) ions by modified clays demonstrated that DDTC and IDA gave results which were either very similar or worse than that exhibited by the parent clay. This was probably due to the almost total blockage of the original sorption sites and to the high hydrophobicity conferred on the resulting solid structure.
The interactions between Cd(II) and Ni(II) ions and DDTC resulted in the highly efficiency retention of these metallic cations at low concentrations. This may be related to the stability conferred on the respective systems by acid-base interactions. In contrast, at high metal ion concentrations, IDA-modified clay gave better retention results because the chelant molecule possessed more than one point where metal ions could be coordinated. The Langmuir isotherm model best fitted the experimental data obtained with the DDTC-and D 2 EHPA-modified clays. Treatment of the adsorption data for systems involving IDA-modified clay by the Freundlich model gave a resulting plot containing two straight lines which could be related to different adsorption models.
The influence of pH may be related to competition between H + ions and heavy metal ions for the available adsorption sites on the adsorbent surface. In addition, at low pH values the stabilities of the various chelates are reduced, which leads to a corresponding enhancement in the protonation of surface sites.
The sorption of the metal ions studied was an exothermic process, with the values of the apparent activation energies related to a combination of ion exchange (at the original clay sites) and complexation (of chelant molecules).
The modified clays could be employed as potential adsorbent alternatives for Cd(II) and Ni(II) cations. Their high adsorption capacities, especially at low metal ion concentrations, make them admirably suited for this purpose. The use of such modified clays would appear to be more appropriate in the final stages of conventional treatment processes for effluents. The amount of solid residues produced in such treatments could be reduced if recycling systems were employed. On the basis of the influence of pH in such systems, this could be achieved by employing regeneration treatments in acid media.
